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CONTROL STRATEGY FOR COMPUTER-CONTROLLED STEERING 



Field of Invention 

The present invention generally relates to a power assisted steering system arranged to 
10 supply a steering assist force to the steering system of an automobile or vehicle, in 
particularly the Invention relates to a steering system, which allows a control of the 
steering characteristics experienced by the driver. 

Background of the Invention 

15 

Different steering equipments for assisting a driver to steer an automobile or a vehicle are 
well known in the art. Traditionally the driver controls the direction of the vehicle with the 
aid of a steering wheel mechanically connected to the road wheels through a steering 
assembly. However, to assist the driver it is common to use an auxiliary system to 
20 generate an additional force, which is applied to the steering assembly of the vehicle* The 
additional force reduces the effort required by the driver In changing the direction of the 
road wheels. Said additional force can be generated by different techniques, e.g. by a 
hydraulic drive or an electric motor. 

25 Traditionally, various Hydraulic Power Assisted Steering (HPAS) systems have been used 
to add a certain amount of assist torque or assist force to the steering assembly of the 
vehicle. Such hydraulic systems are typically based on an assist characteristic, often called 
boost-curve. The shape of a boost-curve is generally determined by the design of the valve 
and the pump in the hydraulic system. It follows that the assist characteristic in a 

30 traditional HPAS-system is static, I.e. the relation between the steering effort required 
from the driver and the ;issist torque supplied by the HPAS-system is dependent on a 
predetermined and static: boost-curve. The operation of a boost-curve based HPAS-system 
is generally such that a certain torque applied by the driver to the steering wheel results in 
a certain assist torque applied by the HPAS-system to the steering assembly of the vehicle, 

35 where the assist torque ncreases as the driver needs to apply more torque to the steering 
wheel and decreases as i he driver needs to apply less torque to the steering wheel. The 
amount of torque, which the driver needs to apply to the steering wheel, is in turn 
dependent upon the specific driving scenario, e.g. dependent upon the vehicle speed, the 
vehicle turning angle etc. 
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Tne stat e or neariy static assist characteristic of an HPAS-system makes lt djff|Cujt or 

an Wpriate ba ' a - ^een the transmission of road dances to 
^ the driver and the delivery of suitable steering feel to the driver. « Mturt *"«« to 

If an HPAS-system use, high static assist torque, less steering effort Is needed frofrt tne 
dnver, wh,ch can be ac vantageous e.g. to reduce the steering effort needed for cing 
manoeuvre, A high a, :ist torque w,„ a, so reduce the transmission of road dances to 
the steering wheel when the vehicle moves, which is another advantage. HoTZ ^Z 

wZs a Z T S ' 5nS,t,Ve Wh6el ^ *~ * h ^way ^ 

which is a disadvantage since it reduces the steering feel. 

If an HPAS-system use,; a low static assist torque, more steering effort is needed from the 
> drive, However, this stabilises vehicie response to manoeuvres at highway speed and 
conseguently increases the steering fee., which is an advantage. On the other hand low 
assist torque wiil aiso ircre.se the transmission of road disturbances to the driver w I is 
an unwanted effect in the steering wheel and consequently a disadvantage. 

HPAS-systems of the kind now discussed had its major breakthrough In the early sixties 

bin tar"^ ™* "* *™' ^~Ze 

been made ,n order to meet the demands of today's customers. Still, the main task of an 

HPAS-system s to reduce the steering effort required by the driver by adding a certaT 

amount of assist force to the steering assembly of the vehicle. Such ordinary HPAS- 

ZZZZ a «!7 T fOKe ( ' OW amP,ifiCati ° nJ t0 —m** * ^tabie steering fee,, 
which means that ord,n,ry HPAS-systems is unable to adequateiy attenuate road 
d.sturbances. ms is on, important disadvantage with ordinary HPAS-systems. 

However, in recent year, the oider HPAS-systems has been repiaced by various new 
Electnc Power Assisted Steering ( E PAS) systems to be used in connection with vehicie 
steering. 

The paKw US 6.250,4.9 B1 (cnabaon) a tteert „ 0 sy «« m * ,„ , utomM „ 

" H ' infinlt " «"*■«' * "» d f ° « — * -cor m „«C ^ 
„„,„„ torqae, spring coiumn ,„ sle , ettctrlc ^ ve , ^sirJ^J 

"LZ'^T " n,ro1 7" u - " h,c " * recelved by me ~* ™- 

calcutetea „„ aMng . a ,„ trtbutlon , non ., lnMr boimmm b 
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infinity controller. The boost-curve maps the amount of input command to the electric 
motor versus the estlrn ated driver torque (I.e. an estimation of the torque actually applied 
by the driver), i.e. depending on the estimated driver torque the boost-curve points out an 
amount of Input command to be supplied to the electric motor. The overall concept is in 
5 line with a traditional boost-curve strategy. Hence, Chabaan does not explicitly decouple 
the control of the steering wheel torque from attenuation of road disturbances, since the 
output from the boost-curve Is influenced by road disturbances inherent in the estimated 
driver torque. 

10 The patent US 6,219,604 BX (Dilger) shows a steering system of an automobile, wherein a 
controller structure for .:m entire steering system Is described. The controller structure uses 
a steer-by-wire concept which means that there is no mechanical connection between the 
steering wheel and the steering gear assembly. If such a mechanical connection were 
present in the steering i;iear assembly it would be responsible for transmission of road 

15 disturbances to the driver. When this connection is substituted or simulated by e.g. 
electrical means, road d isturbances can be eliminated. 

To convey a steering fet- l to the driver Dilger provides a first electric motor that, controlled 
by an electronic steering device, imposes a controllable resistance torque to the steering 

20 wheel. The steering wh*el resistance torque can be determined and processed e.g. by 

measuring the current applied to a second electric motor that Imposes a steering torque to 
the steering gear assembly, or by directly measuring the torque that is imposed by said 
second electrical motor :o the steering gear assembly. The steering wheel resistance 
torque may alternatively be calculated by creating a model, using various vehicle data 

25 (e.g. vehicle speed, fricton between road surface and tires, steering wheel angle, etc). 
Dilger describes both variants in col. 6 at line S and forward. 

If the resistance torque is determined by measuring the current applied to the second 
electric motor, which lm:>oses a torque to the steering gear assembly, or if it Is determined 
30 by directly measuring :d torque, it is possible to filter and thereby reduce transfer of 
road surface irregularities, vibrations etc to the steering wheel, see e.g. coJ. 6 line 5X-56. 
However, Dilger merely mentions the possibility of said filtering and does not reveal any 
further information regarding the operation and constitution of such a filter. 

35 If the resistance torque Is determined by creating a model, using various vehicle data, it 
might be possible to reduce transfer of road surface irregularities, vibrations etc to the 
steering wheel. Here ag*ln, Dilger merely mentions the possibility of said filtering and does 
not reveal any further information regarding the operation and constitution of such a 
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model. DHger also shows a reference generator that serves to provide a desired yaw 
component. However, this is e.g. different from supplying a desired steering wheel torque. 

The patent application wo 01/47762 Al shows a steering system of an automobile, 
wherein a scheme for stabilizing an electric power steering system under adverse road 
conditions is described. Adverse road conditions could e.g. occur when the road is wet or 
icy. The patent does no" specifically address the question of generating a desired assist 
torque or a desired steering feel, see e.g. page 4, line 26-29. 

The patent US 6,013,994 shows a steering system of an automobile, wherein a control 
strategy is implement*; in the motor controller adapted to control the behaviour of the 
electric motor In an EPAS-system. This control strategy may be implemented in most 
motor controllers, e.g. in the motor controller mentioned In this patent application. 
However, in this connec :ion it should be noted that the motor controller only constitutes a 
part of the invention according to this patent application. 

To summarise, the prior art references cited above do not specifically address the problem 
of controlling the steering characteristics experienced by the driver and at the same time 
controlling the amount <:f road disturbances transmitted to the driver. Especially, the 
references do not address the problem of accomplishing a control of the steering' 
characteristics independant from the control of said transmission of road disturbances. In 
particular they do not address said problems in connection with a vehicle steering 
assembly comprising a steering shaft arrangement, which mechanically connects the 
steering wheel to the road wheels. 
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?Mmmarv of the Invention 

The present invention relates to a power assisted steering system constituted so as to 
5 impose a steering assisi: force or torque to the steering assembly of an automobile or 
vehicle. In particularly the Invention relates to a system for controlling the steering 
characteristics experienced by the driver and the amount of road disturbances transmitted 
to the driver, wherein Mid steering characteristics is determined and controlled 
independently from the control of said transmission of road disturbances. Therefore, a two 
10 degree-of-freedom steeing system is disclosed by the invention. 

The steering system according to the invention Includes a control system comprising a 
generator for calculating a desired steering wheel torque that should be felt by the driver 
of the vehicle. The control system further Includes a first controller and possibly a second 
15 controller, where the flnst controller controls a motor controller, possibly in cooperation 
with said second controller. In turn the motor controller controls a motor that imposes a 
steering assist force or torque to the steering assembly of the vehicle. 

The generator in the control system calculates a desired steering wheel resist torque that 
20 should be felt by the driver of the vehicle, dependent upon the current driving scenario. 
The current driving seer ario can be determined by observing, measuring, calculating etc 
such vehicle statuses as e.g. yaw rate, vehicle lateral acceleration, steering wheel angle, 
steering wheel angular s;peed and vehicle speed etc, but also by observing, measuring, 
calculating etc various driver signals such as signals from the throttle pedal or the break 
25 pedal etc. It should be noted that said calculated desired steering wheel resist torque Is 

independent from any measure of various torque forces imposed on the steering assembly. 
Any such measure may contain road disturbances, which should not be transmitted to the 
driver. 

30 The first controller in th* control system is generally based on an Inverse model of the 
steering system dynamic. The design of a suitable first controller falls into the area of 
traditional control engineering and various designs are well known to a person skilled in 
the art. According to the invention, the first controller calculates an assist torque to be 
Imposed by the motor tc the steering gear assembly, so that steering wheel resist torque 

35 actually felt by the drive* corresponds to or equals the desired steering wheel resist torque 
previously calculated by :he generator. 

A second controller may ie introduced in the control system to minimise possible 
remaining steering system errors to zero. In a preferred embodiment the second controller 
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may also attenuate unxesired road disturbances with a low risk of instability in the 
operation of the steering system. When Introduced the second controller calculates an 
adjustment value, whlci value adjusts the assist torque calculated by the first controller. 

The control system ope-ates In such a way that a signal from the motor controller controls 
the motor, and consequently the steering assist torque Imposed by the motor to the 
steering assembly. In Mm the signal from the first and possibly the second controller 
controls the motor controller, whereas a signal from the generator controls the first 
controller. The possible second controller is controlled by a combination of the signal from 
the generator and a signal corresponding to the steering wheel resist torque actually felt 
by the driver. In emboc Iments without a second controller the first controller is supplied 
with the signal from the generator, combined with the signal corresponding to the steering 
wheel resist torque actually felt by the driver. Further, said steering wheel resist torque 
actually felt by the driver is in turn dependent upon the amount of assist torque imposed 
15 by the motor to the steering assembly, reduced by the friction In the steering assembly 
and by the effects from different road loads, such as the road wheel friction against the 
road surface. 

By its operation the control system controls the motor to impose an assist torque to the 
20 steering assembly so as to deliver a desired steering feel to the vehicle driver, i.e. so that 
the driver feels a desire;.! steering wheel resist torque, wherein the desired steering wheel 
resist torque corresponds to or equals the desired resist torque calculated by the 
generator. 

25 The configuration and operation of the Invention facilitates a separation of the attenuation 
of road disturbances tra nsmitted to the driver from the delivery of a desired steering wheel 
resist torque to the driver. In particularly the invention facilitates an explicit decoupling of 
the steering control fron' the generation of a desired steering wheel resist torque. 

30 An additional advantage of this invention falls into the area of modularity. Especially the 
reference generator provides the subsequent controller with a desired steering wheel resist 
torque signal, which is independent from the rest of the contemplated control system and 
the contemplated steering system. The reference generator can therefore be reused for 
different applications, thus facilitating an application-independent steering feel. 

35 



Further advantages will .nppear from the following detailed description of the invention. 
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Brief description of the drawings 

A preferred embodiment of the present invention will now be described in more detail, with 
5 reference to the accompanying drawings. 

Pig. 1 shows a diagrammatic view of an electric powered assist steering system for a 
wheeled vehicle according to the present invention. 

10 Fig. 2 shows a block diagram of a control system according to a first preferred embodiment 
of the present Inventjor , employing a generator, a first controller and a second controller 
for controlling the electric power assisted steering system. 

Fig. 3 shows a block diagram of a control system according to a second preferred 
15 embodiment of the presant invention, employing a generator and a first controller for 
controlling the electric power assisted steering system. 

Fig. 4 shows a block diagram of a generator for calculating a reference steering wheel 
assist torque according bo the present invention. 

20 

Fig. 5 shows a Bode plot: of the specific filter function in the second controller. 
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Petaiteti rtfittTinhnn of Preferred flmhrt^fim g nts of rh«» inv/A n t -j ?n 
The EPAS-system 

Referring to Fig. 1, 3n Electric Power Assisted Steering system 100 (hereinafter denoted 
EPAS-system) is illustrated. The EPAS-system 100 is preferably a system for use in 
steering the road wheels of an automobile or a vehicle, wherein the EPAS-system 100 is 
equipped with a control system 110 according to the present invention. Although the 
EPAS-system 100 is described in connection with a power assisted steering of the road 
wheels of an automobile, it should be appreciated that the EPAS-system 100 and the 
control system 110 according to the present Invention may be employed to steer any 
number of front and/or -ear wheels of a steered vehicle. 

15 The EPAS-system Steering Assembly 

The EPAS-system 100 shown in Fig. l comprises a steering assembly, l.a. comprising a 
steering wheel 120. The steering wheel 120 is generally disposed In the vehicle passenger 
compartment and manually operated by the driver of the vehicle to steer the road wheels 
20 127. Further, the steering assembly includes a steering shaft 121, operatively coupled to 
the steering wheel 120. Said steering shaft 121 rotates in synchronization with the 
steering wheel !20, preVerably directly connected to steering wheel 120. The steering 
assembly also employs a pinion shaft 122, operatively engaged with steering shaft 121. 
The steering shaft 121 md the pinion shaft 122 are preferably interconnected via a 
25 universal joint (130), as is well known in the vehicle steering art. Said pinion shaft 122 is 
coupled at one end to a pinion gear assembly 123 for converting angular rotation of the 
pinion shaft 122 to linea- movement on a rack 124. The rack 124 Is coupled on opposite 
ends to tie rods 125 and connector rods 126, which are movable to control left and right 
rotation of road wheels .1.27. it should be appreciated that the steering wheel 120, steering 
30 shaft 121, pinion shaft 1 22, and pinion gear assembly 123, rack 124, tie rods 125, 

connector rods 126 and . oad wheels 127 as shown only illustrates one of several suitable 
steering assemblies known to the person skilled In the art. 



35 



Other EPAS-system Corrponents 



The EPAS-system 100 as; shown In Fig. 1 also includes a motor 115 coupled to the steering 
assembly, preferably to the pinion shaft 122. The motor i js is preferably an electric 
motor, which provides an assist torque or force to the steering assembly, such as to assist 
the driver of the vehicle in rotating the steering wheel 120, I.e. so as to reduce the amount 
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of steering effort required from the driver. The assist torque e.g. reduces the effect from 
friction components, su :h as friction in the steering assembly, and the effects from 
different road loads, suirh as road wheel friction against the road surface, 

5 In addition the EPAS-system Includes a torque estimator arrangement 128 for measuring 
and/or calculating the t>rque T<^„ which corresponds to or equals the resist torque 
actually felt by the driver, i.e. the resist torque actually felt by the driver when turning the 
steering wheel 120. Th« torque estimator 128 may in one embodiment comprise a torsion 
bar (not shown) e.g. arranged between the steering wheel 120 and the steering shaft 121, 

10 and an angle sensor (not shown) for measuring the deflection of said torsion bar. The 
deflection of said torsion bar increases when the driver feels more resist torque while 
turning the steering wh.:*el 120, whereas the deflection decreases when the driver feels 
less resist torque while irurning the steering wheel 120. Hence the deflection of the torsion 
bar will represent a measure of the resist torque T***, actually felt by the driver, which Is 

15 dependent upon the res st torque received from the steering shaft 121. The resist torque 
received from the steerng shaft 121 is in turn dependent upon various friction 
components, such as frirtion in the steering assembly, and the effects from different road 
loads, such as the road wheel friction against the road surface, reduced by the amount of 
steering assist torque imposed by the electric motor 115 to the steering assembly of the 
20 vehicle. 

The EPAS-system 100 also comprises various types of vehicle sensors, such as 
accelerometers and velocity sensors, which are sensors well known to the person skilled in 
the art. An acceleromet* r sensor may e,g. be a lateral accelerometer sensor (not shown), 
25 for measuring the vehici 3 lateral acceleration. Further, the EPAS-system Includes a yaw 
velocity sensor (not shown) for measuring the vehicle yaw rate a>. 

In a preferred embodiment accelerometer sensors are arranged at the vehicle centre of 
gravity. The position of t he centre of gravity is a well-known design variable, which is 

30 generally determined by the vehicle manufacturer. However, in many applications various 
design constraints may dictate that such sensors cannot be placed at the exact centre of 
gravity. For instance, the centre of gravity may reside in a physical location that prohibits 
the placement of sensor;; at that location. Further, the placement of other components and 
systems may dictate tha*: the location is not available for placing accelerometer sensors. In 

35 such cases the sensor ottput signals are compensated utilizing well-known principles for 
their geometric offsets fr om the centre of gravity. 

In addition the EPAS-sys rem 100 includes a steering wheel rotation-angle sensor 129 for 
measuring the steering wheel rotatjon-angle 6. Preferably the steering wheel rotation- 
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angle sensor 129 sense s the angular position of the steering shaft 121, which provides a 
measure of the angular position of the steering wheel 120. The EPAS-system 100 may also 
monitor angular velocity a' of the steering wheel 120, which may be measured by a 
separate sensor (not sr,own) or calculated by differentiating the steering wheel position 
angle e. 

As an overall prerequisite the EPAS-system 100 may also utilise such vehicle information 
as vehicle speed etc, which information is commonly available in the electronic systems of 
most vehicles. All such information, in addition to information from the above mentioned 
sensors, may be supplied to the control system 110 for further processing. 



Configuration of the Control System 



15 



Referring to Fig. 1 the EPAS-system 100 includes a control system 110 that controls the 
amount of assist torque that is imposed by the electric motor 1 15 to the steering 
assembly. The control system 110 preferably Includes one or several microprocessor-based 
components, which have memory programmed to operate control routines, process input 
signals and generate output signals. Said components preferably include suitable interfaces 
20 and converters for receiving input signals and transmitting output signals. 

Referring to fig. 2 the ccntrol system 110 is preferably configured with a generator 200, a 
first controller 210 and possibly a second controller 220, and a motor controller 230. 
However, the motor con troller 230 may not form a part of the control system 1 10, but 
25 rather a part of the EPAS-system 100. 

The motor controller 230 and the electric motor us are standard components and the 
person skilled in the art is aware of several suitable alternative motor controllers and 
motors, therefore no detailed description of the configuration of the motor controller or the 
30 motor is needed. 

Various filters and other functions may be introduced before or after said generator 200, 
said first controller 210, said second controller 220 and said motor controller 230 without 
departing from the invention. A disturbance filter may e.g. be introduced between the first 
controller 210 and the motor controller 230 without departing from the Invention. While 
the generator 200, the f rst controller 210 and the second controller 220 are preferably 
implemented in software it should be appreciated that the control system 110 alternatively 
may Include various analogue and/or digital circuits without departing from the present 
invention. 



35 
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The Generator 

Referring to fig. 2 the generator 200 in the control system 1X0 is preferably a reference 
5 generator, which calculates a reference or desired steering wheel resist torque T^that 
should be felt by the driver of the vehicle, dependent upon the current driving scenario. 
The calculated desired resist torque is used by the control system XX0 as a reference 
value towards which th* resist torque T taWw actually felt by the driver is adapted to 
correspond or equal, wl ich is accomplished by varying the assist torque imposed by the 
10 electric motor 115 to th e steering assembly. The calculated desired resist torque T ref is 
preferably not based on or otherwise dependent on any measure, estimation, calculation 
which contains or reflects road disturbances. 

Configuration and Operation of the Generator 



Referring to fig. 4 the reference generator 200 preferably comprises a vehicle state 
estimator 310 and an inverse boost-curve arrangement 320. The state estimator 310 is 
preferably based on a model of the steering properties of the present vehicle. Said state 
estimator 310 preferably receives a yaw rate signal a and a steering wheel rotation-angle 
20 signal 8, corresponding i.o the vehicle yaw rate and the vehicle steering wheel rotation- 
angle respectively. The iftate estimator 310 outputs an intermediate Fn** signal, 
corresponding to an estimation of the total torque or force needed to be imposed on the 
steering assembly for steering the road wheels 127. 

25 The equation representing the operation of the preferred vehicle state estimator 310 can 
be written as: 



X5 



(10) 



30 Wherein the differential of £ Is defined by the equation 



£(» = Ax(t) + Bu(t) + K\y C/) - C x x(t)] 



(20) 



35 



wherein u(t) Is the steering wheel rotation-angle e, y(t) Is the yaw rate o> and K is the 
error feedback gain. 
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The vector *,) repaints an estimation of vehicle state variables, i.e. sideslip angle, yaw 
rate and the lateral forces on front and rear axle. The equation x(t) is recursively 
integrated to obtain *> . in that respect *,) is assigned a start or default value when the 
state estimator 3 10 starts operating. A first value of j® , s then calculated according to 
equation 20 above, depending upon a first simultaneously sampled value of the variables 
u(t) and y(t) respective^. This value of *» is then integrated to obtain a first value of 
m , e.g. by multiplyin,, kt) with the time difference At representing the time elapsed 
between two samples of the variables u(t) and y(t). The first value of *(,) is then reused in 
equation 20 to calculate a second value of *,) , depending on a second simultaneously 
sampled value of the variables u(t) and y(t) respectively, which second value of *,)is 
integrated a to obtain second value of St(0 . This recursive integrating procedure is 
repeated as long as the state estimator 310 operates. 

The terms A, B, C, and in equation 20 are defined as follows: 
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0 
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_lr 

J 
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tauF . 



C30) 



20 



B = 





0 
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clyvx 
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0 


0 




0 




1 




0 





(40) 



(50) 
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(60) 



Wherein m denotes the vehicle mass, J the vehicle inertia, vx the longitudinal vehicle 
velocity, If and Ir the pc sition of the vehicles center of gravity from front and rear axle 
5 respectively, cly the noi rstationary contact patch cornering stiffness, cf and cr the 

cornering stiffens of front and rear axle respectively and tauF and tauR the time constant 
of these cornering stiffness. 

The Intermediate signal F r **, calculated as described above, is received by the inverse 
JO boost-curve 320 arrangement. The intermediate signal F** then decides the output signal 
from the inverse boost-curve 320, where said output signal is the desired steering wheel 
resist torque T*r signal, which is used by the control system 110 as a reference value, 
whereby the resist torqte Tanver actually felt by the driver is adapted to correspond or equal 
the desired resist torque T^. 

15 

In a preferred configure ion and operation the inverse boost-curve 310 comprises one 
stored look-up table for svery relevant vehicle speed v, e.g. one table may be stored for 
the velocity of o km/h, another table for 5 km/h, still another table for 10 km/h and so on, 
until the vehicle maximum speed Is safely covered. Alternatively, there may be one look- 

20 up table stored for even- increase of the velocity by 1 km/h, i.e. if the maximum speed of 
the vehicle is 200 km/h i:here are at least 200 tables stored. There may be other numbers 
or configurations of look up tables without departing from the invention, e.g. there could 
be a high number of tables with in certain speed ranges and a lower number of tables in 
other speed ranges. As *ilready mentioned the inverse boost-curve 310 operates in such a 

25 way that it receives the intermediate signal calculated by the vehicle state observer 
310 and, depending upon the value of the received intermediate signal F,**, outputs a 
desired steering wheel mslst torque T# f signal. 

The reference generator 200 described above is merely an exemplary generator* There are 
30 a number of feasible ways to build a reference generator in which the underlying idea is to 
compute a desired resist torque that fulfils the drivers expectation for each driving 
scenario. One alternative} approach is to use an analytical-based method e.g. using a 
model representing an iceal vehicle. Another alternative approach is to use a 
measurement-based procedure e.g. obtaining the relevant transfer functions of the specific 
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vehicle by real driving <ind canalise the behaviour of this vehicle into the reference 
generator by an appropriate post processing. 

The First Controller 

5 

Referring to fig. 2 the fii-st controller 210 in the control system 110 is preferably a feed- 
forward controller that receives information about the desired steering wheel resist torque 
Iter, calculated by the reference generator 200. A preliminary assist torque T^p^ is 
calculated by the feed-forward controller 210, dependent upon the received desired 
10 steering wheel resist toi que T ra/ . 

The feed-forward controller 210 is preferably a filter function generally based on an inverse 
model of the steering system dynamics of the present vehicle. The design of such a feed- 
forward controller falls into the area of traditional control engineering and various designs 
15 are well known by the person skilled in the art. 

A preferred example of .:i feed-forward filter function H(s) Is: 

20 Wherein Jsc is the lumptid steering column Inertia, bsc the steering column friction, ksc the 
lumped steering column spring stiffness and <* the filter frequency, whereas s represents 
the Laplace operator. 

When a feed-forward flit ar function H(s) as exemplified above is used a preliminary assist 
25 torque T^^, can be calc ulated by the following formula: 

= fi(s)-T K/ (SO) 

The preliminary assist tcrque T*^, corresponds to the assist torque to be imposed by the 
30 electric motor 1 15 to the steering assembly, so as to reduce the steering wheel torque in 
an amount substantially appropriate to let the driver feel the desired steering wheel resist 
torque T„ f , previously calculated by the reference generator 200. 

The feed-forward filter function H(s) and the formula for calculating the preliminary assist 
35 torque T^, correspond to the operation of a preferred first controller 210 according to 

the present invention. However, other controllers can be used, which controllers are known 
by the person skilled in tne art to produce the same result. 
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The Second Controller 

The preliminary assist torque T^, calculated as described above, is preferably adjusted 
5 before it is supplied to the motor controller 230, which motor controller controls the 
electric motor 115. Sued an adjustment is usually needed to reduce errors in the model 
used by the feed-forward controller and to reduce disturbances and measurement noise, 
e.g. received from dete::tors and sensors used by the control system 110. 

10 Therefore, a second controller is preferably introduced in the control system 110 in order 
to compensate and minimise possible errors in the feed-forward controller 210 and to 
reduce disturbances an<i measurement noise, which reduces the risk of instability in the 
operation of the EPAS-system 100. in a preferred embodiment the second controller also 
attenuates undesired road disturbances, with a guarantee of stability in the operation of 

15 the EPAS-system 100. 

Referring to fig. 2 the scicond controller 220 in the control system 110 is preferably a 
feedback controller, which receives a signal T^nx*. The signal is a combination of 

the desired steering wh^el resist torque T^t signal and the Jdr^er signal, where the T^vcr 
20 signal corresponds to the resist torque actually felt by the driver; defined by the formula: 

The feedback controller 220 calculates an adjustment value which depends upon the 
25 received Tawo** signal according to the following formula: 

T^^A&Tjmm (100) 

The feedback function A;s) Is preferably a filter function e.g. defined by the general 
30 formula: 

^- yr <"<» 

Wherein a^j.^ and b^i -b x are the polynomial coefficients of the numerator and 
35 denominator polynom, whereas s represents the Laplace operator. 
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A preferred filter function A(s) wherein n-S: 

m m 0.0002889 • J 4 - 0.0008672 • * 3 + 0.292 • s 2 + 0,5469a + 0.QQ5714 
1.027 10" 6 s' +0.000129- s* + 0.006079 • + 0.1273 • s 2 +s 



(120) 



However other general niter functions and special implementation of those can be used 
without departing from :he invention. 

The Bode plot of the preferred filter function in equation 120 is shown in figure S. Each 
10 frequency interval In th«. domain has its specific purpose as indicated in the figure. Interval 
1 has the task of decregsing the steady state error, interval 2 and 3 are responsible for 
dynamic performance ir terms of error and damping, interval 4 cancels unwanted 
frequencies and Interval 5 avoids the influence from measurement noise. 

15 ft has briefly been stated above and it is clearly stated here that the formula for calculating 
the signal T**^, the feedback filter function A(s), and the formula used to calculate the 
adjustment value represents the operation of a preferred second controller 220 
according to the present invention. The invention is therefore not limited to the second 
controller now describee. Other controllers known to the person skilled In the art can be 

20 used to minimise errors and disturbances, with a reduced risk of instability in the operation 
of the EPAS-system 100 Such alternative controllers may also be used to attenuate 
undesired road disturbances, with a guarantee of stability in the operation of the EPAS- 
system 100. 

25 Now, when the prelimina ry assist torque T^, and the adjustment value T** have been 
calculated as described «bove, an assist torque signal can be calculated and supplied 
to the motor controller 230. The calculation is preferably accomplished according to the 
formula: 

30 7^ =T prcl +7^. (J30 ) 

It should be noted that the adjustment value could both increase and decrease the 
preliminary assist torque t«»* as well as leave it unaffected, i.e. the adjustment signal 
T^ could be negative, positive or zero. 

35 

However, the second controller 220 may be omitted if possible deficiencies in the first 
controller 210 can be accepted without corrections in the particular application, and If 
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possible uncertainties, disturbances or errors In or from the particular steering system can 
be accepted without corrections in the particular application. 

As shown in Fig. 3, If it s acceptable in the particular application to omit the second 
5 controller 220, the signal T^*** can be supplied to the first controller 210, which 

dependent upon the signal T****,* calculates an assist torque T^, that Is directly supplied 
to the motor controller :;»30. The motor controller 230 then commands the motor 115 to 
Impose an assist torque to the steering assembly, said assist torque corresponding to said 
calculated assist torque T BSSl ^ t whereby the steering wheel torque needed is reduced or 
10 possibly increased in an amount substantially appropriate to let the driver feel the desired 
steering wheel resist torque TW, previously calculated by the reference generator 200. 

Communication within t le Control System 

IS According to a first preferred embodiment shown In fig. 2 the control system 110 

communicates in such a way that the electric motor 115 receives a signal l,^ from the 
motor controller 230, which causes the motor 115 to impose an assist torque to the 
steering assembly of th* vehicle, wherein the assist torque corresponds to said received 
signal I mo tor* 

20 

Said signal l^uor received by the motor 115 corresponds in turn to an assist torque T 9S9 
signal, which is received by the motor controller 230. The motor controller 230 converts 
the received assist torqt e signal into an output signal adapted to the particular 
motor 115. The output s gnal Im*^ from the motor controller 230 is preferably a current, 
25 however it may be a vo|i:age or some other appropriate signal adapted to command the 
particular motor, e.g. a digital command word. 

Said received assist torque T^ signal corresponds In turn to a sum of a preliminary assist 
torque J^^i signal and .in adjustment T^ signal, which are added in a summation 
30 arrangement 260. As a result said summation arrangement 260 outputs said assist torque 
1^5 signal. The summation arrangement 260 is preferably implemented by software and/or 
by integrated circuits. However other summation arrangements may be used without 
departing from the invertion. 

35 Said preliminary assist tc:rque T« pra / signal depends in turn upon a desired resist torque T^ 
signal received by the fe^d-forward controller 210. The feed-forward controller 210 
calculates and outputs si! id preliminary assist torque T^^ signal, which calculation is 
described above. 
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20 



Sa.d adjustment T w signal depends in turn upon the desired resist torque j m and a resist 
torque s, 9 „a, W Tb< Wignai is subtracted from the T.signa. ,n a J^paHsonTr 
subtracbon arrangement 270, whereby the result from said subtraction is reZed bv t e 
feedback control 220 The feedback control 220 calculates and output 
adjustment T«, signal, which caicuiatjon is described above. Said comparison or 
subtracts arrangemer 1 270 is preferably implemented by software and/or by intearated 
Crests. However other arrangements may be used without departing Z thl " 

saic , desired resist torq,e T^signa. corresponds In turn to the desinad steering wheel 
e*st torque that shoul, be felt by the driver, which desired resist torque T n , is « cu a ted 
by the reference generator 200 as described above. calculated 

Said W signal corresponds In turn to the resist torque actually felt by the driver, i e the 
torque actually felt by ti e driver when tuning the steering whee, ! 20. The T^nai an 
e.g. be measured by a torque estimator arrangement 128 as described abovT 

According to a second preferred embodiment shown in fig. 3 the control system 110 
communicates in such a way that the electric motor 115 receives a signal I fm m 

motor controller 230, wl ich causes the motor us ta . h * 
^ ' ceuses r ne motor lis to impose an assist torque to the 

steering assembly of the vehicle wherein fh« * 

signal qUe €OPrt *P°n | te to the received 



said signal 1^ receive,:, by the motor lis corresponds in turn to an assist torque T 
s,gna., which is received by the motor controller 230. The motor controller 230 conveys 

TrtTT* ^ 3 W S ' 9nal ^ ° UtPUt Si9na ' <-» ^ ^ the parCar 
motor US. The output signa, I_ ff0fn the moter ^ fe J^»» 

however , may be a voltage or some other appropriate S igna, adapted to command 7 e 



particular motor, e.g. a cigital command word. 



30 



35 



Saul received assist torque W signa, depends in turn upon the desired resist torque Tnt 
and a res,st torque signal W The W signal is subtracted from the Tnf s| gna, in a 
comparison or subtraction arrangement 270, whereby the result from said subtraction is 
receded by the feed forward controiier 2!0. The feed forward controller 210 ca.cuTates and 
outputs said assist torqu* W signal as described above. Said comparison ortb^on 
element 270 is preferably impiemented by software and/or by migrated 
However other arran 9 em 5 nts may be used without departing from the invention 
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Said desired resist torque 7 nf signal corresponds in turn to the desired steering wheel 
resist torque that shoul :l be felt by the driver, which desired resist torque T nf Is calculated 
by the reference generator 200 as described above. 



10 



15 



Said Id**, signal corresponds in turn to the resist torque actually felt by the driver, I.e. the 
torque actually felt by the driver when turning the steering wheel 120. The J artver signal can 
e.g. be measured by a torque estimator arrangement 128 as described above. 

Operation of the Control System 

In a first preferred embodiment referring to Fig. 2 the operation of the control system 110 
Is such that the reference generator 200 calculates a desired steering wheel resist torque 
T/n/that should be felt by the driver of the vehicle, dependent upon the current driving 
scenario. 



The desired steering whisel resist torque TV*/ is supplied to the feed-forward controller 210, 
which calculates a preliminary assist torque T asspn/ corresponding to an assist torque to be 
Imposed by the electric motor 115 to the steering assembly, so as to reduce or possibly 
increase the steering wheel resist torque in an amount substantially appropriate to let the 
20 driver feel the desired steering wheel resist torque TW. 



However, the preliminary assist torque is preferably adjusted by an adjustment 
torque calculated by the feedback controller 220, where said adjustment torque 
depends upon the desired steering wheel resist torque Tm/and the resist torque T***. 

25 actually felt by the driver. Said adjustment torque will increase If the resist torque 
To,,**, actually felt by the driver is less that the desired resist torque T^, while said 
adjustment torque T w w ill decrease if the resist torque T dnver actually felt by the driver is 
higher that the desired resist torque 7W. In other words, more assist torque is needed if 
the resist torque T^^r actually felt by the driver is less than the desired resist torque T^, 

30 while less assist torque Ui needed if the resist torque T*,,^ actually felt by the driver is 
higher that the desired resist torque T^. 

A sum of the preliminary assist torque T^/ and the adjustment torque Is then 
supplied to the motor controller 230, which commands the electric motor 115 to impose an 
35 assist torque to the steering assembly of the vehicle, which assist torque corresponds to 
said sum of T assp rei and T^. 



in a second preferred embodiment referring to Fig. 3 the operation of the control system 
110 Is such that the reference generator 200 calculates a desired steering wheel resist 
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torque TV* that should be felt by the driver of the vehicle, dependent upon the current 
driving scenario, where;* the steering wheel resist torque W actually felt by the driver 
.s measured or calculate by the torque estimator 128. The value of W is then 
subtracted from the value of Tteff whereby more assist torque is needed if the resist torque 
W actually felt by th« driver is less than the desired resist torque T^, while less assist 
torque is needed if the resist torque T drtver actually felt by the driver is higher that the 
desired resist torque T„,.. 



10 



fe6d f0rWanJ C ° ntrc!,er 210 * e « from said subtraction and ca.culates an 

ass,st torque T m which corresponds to the assist torque needed to be imposed by the 
electric motor US to tf» steering assembly, so as to reduce the steering wheel resist 
torque in an amount substantially appropriate to let the driver feel the desired steering 
wheel resist torque T*f. 



15 



The assist torque W is then supplied to the motor controller 230, which commands the 
electric motor 115 to Impose an assist torque corresponding to said assist torque W to 
the steering assembly or the vehicle. 



20 



The present invention should not be considered as being limited to the above described 
preferred embodiments, but rather Includes all possible variations covered by the scope 
defined by the appended claims. 
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PATENT CLAIMS 

X. A control systen- (1 10) for controlling an assist force imposed to a steering 
assembly of a vehicle, so as to deliver a steering wheel resist torque that can be felt by the 
vehicle driver, characterised in; 

that the delivered steer ng wheel resist torque is compared with a desired steering wheel 
resist torque, whereupon the delivered steering wheel resist torque is adapted to be 
substantially the same «s the desired steering wheel resist torque through adapting the 
amount of said assist force. 

2. A control systen- (J10) according to claim 1 comprising: 

a generator (200) whicr provides a value of a desired steering wheel resist torque. 

3. a control system (110) according to claim l or 2 wherein: 

15 the desired steering wh«;el resist torque is dependent upon the current vehicle driving- 
scenario. 

4. A control system (110) according to claim 2 or 3 wherein: 
the desired steering wheel resist torque is calculated depending upon at least three of the 
variables; vehicle speed, vehicle yaw rate, steering wheel rotation-angle or vehicle lateral 
acceleration. 



20 
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5. A control system (no) according to claim 2, 3 or 4 comprising: 
a first controller (210) receiving a value from said comparison and providing a value of an 
assist force substantially corresponding to the assist force needed for the delivered 
steering wheel resist torque to be substantially the same as the desired steering wheel 
resist torque. 

6. A control system (110) according to claim 2, 3 or 4 comprising: 

30 a first controller (210) receiving a value of the desired steering wheel resist torque and 
providing a value of an sssist force substantially corresponding to the assist force needed 
for the delivered steerin<; wheel resist torque to be substantially the same as the desired 
steering wheel resist torque. 

35 7. a control system (1 10) according to claim S or 6 wherein: 

said first controller comprises a filter function based on an inverse model of the steering 
properties of the present vehicle. 
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8. A control system (110) according to claim 6 or 7 comprising: 

a second controller (220) receiving a value from said comparison and providing a value for 

adjusting said preliminary assist force provided by said first controller. 

5 9. A control systenr (X10) according to claim 8 wherein: 

said adjustment is performed to minimise errors from the first controller (210) and to 
minimise disturbances and measurement noise received from the steering system (X00) 
and to reduce the influence of road disturbances In the steering wheel (120). 

10 10. A control systenr: (110) according to claim 5 or 7 wherein: 

the value provided by sdd first controller (210) is submitted to a motor controller (230) for 
controlling the assist tor que Imposed by a motor (US) to said steering assembly. 

11. A control system (110) according to claim 6 or 7 wherein: 

15 a sum of the values provided by said first controller (210) and said second controller (220) 
Is submitted to a motor controller (230) for controlling the assist torque imposed by a 
motor (115) to said steering assembly. 

12. A control system (110) according to any of the preceding claims wherein; 

20 said steering assembly includes a shaft arrangement (121, 122, 130), by which a steering 
wheel (120) is mechanically coupled to road wheels (127). 

13. A steering system (100) for imposing an assist force to a steering assembly of a 
vehicle, said steering sysitem (100) comprising a control system (110) according to any of 

25 the preceding claims. 
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Abstract 



A steering system (100) and control system (110) for controlling an assist force Imposed 
to the steering assembly of a vehicle, so as to deliver a steering wheel resist torque that 
can be felt by the vehicb driver and a method for the same, wherein the delivered steering 
wheel resist torque is compared with a desired steering wheel resist torque, whereupon 
the delivered steering wheel resist torque is adapted to be substantially the same as the 
desired steering wheel rssist torque through adapting the amount of said assist force. 



Fig. 2 




I 
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